1. Introduction {#sec1-nanomaterials-09-01693}
===============

It is recognized that the emulsion polymerization produced advanced polymeric materials, but it is limited for the producing of nano-polymeric materials due to the requirement of relatively large number of surfactants \[[@B1-nanomaterials-09-01693]\]. Moreover, toxicity, foaming, recycling high cost, and the removal of surfactants after polymerization are rather tedious. The using of solid nano- or micro-particles added new types of very stable emulsions termed Pickering or Mickering emulsion \[[@B2-nanomaterials-09-01693]\]. Pickering emulsions use solid particles with rigid structures and stable dispersions at different pHs in aqueous system (modified silica, montmorillonite platelets, modified and nano-ZnO) \[[@B3-nanomaterials-09-01693],[@B4-nanomaterials-09-01693],[@B5-nanomaterials-09-01693],[@B6-nanomaterials-09-01693],[@B7-nanomaterials-09-01693]\], while the soft gel particles are used to produce stable Mickering aqueous and non-aqueous emulsions. The solid colloidal particles can efficiently act as emulsifiers. The adsorption of particles with the correct wettability at the liquid--liquid interface leads to the formation of a stable emulsion. The stability of this kind of emulsion can be higher than that of the conventional emulsion. This efficiency stems from the higher energy required to remove one particle from the interface \[[@B8-nanomaterials-09-01693],[@B9-nanomaterials-09-01693],[@B10-nanomaterials-09-01693],[@B11-nanomaterials-09-01693]\]. The amphiphilic soft microgels with stimuli-responsive properties are used to produce controllable advanced nanomaterials and smart emulsions. These emulsions are applied in food, cosmetics, pharmacy, and petroleum industries, and enzyme catalysis \[[@B12-nanomaterials-09-01693],[@B13-nanomaterials-09-01693],[@B14-nanomaterials-09-01693],[@B15-nanomaterials-09-01693],[@B16-nanomaterials-09-01693],[@B17-nanomaterials-09-01693],[@B18-nanomaterials-09-01693],[@B19-nanomaterials-09-01693],[@B20-nanomaterials-09-01693],[@B21-nanomaterials-09-01693],[@B22-nanomaterials-09-01693]\]. The mechanism to illustrate the emulsion stability using soft gel particles is still under debate. One of the suggested mechanisms depends on the ability of soft gel particle to respond to the surrounding environments. It is proposed that the gel particles could assemble or adsorb at the fluid interfaces to prevent the demulsification \[[@B23-nanomaterials-09-01693]\]. Their adsorption on the fluid interfaces has been proved to be irreversible due to the huge desorption energy \[[@B24-nanomaterials-09-01693]\]. The steric hindrance with the formation of interparticle structures among the emulsion droplets is another proposed mechanism to illustrate the stability and the viscoelasticity of Mickering emulsions \[[@B25-nanomaterials-09-01693],[@B26-nanomaterials-09-01693],[@B27-nanomaterials-09-01693]\]. The present work studies the factors affecting the stability of Mickering emulsion to propose the mechanism of emulsification.

The previous works to obtain smart microgels using surfactant free method are based on *N*-isopropyl acrylamide (NIPAm) polymers and its copolymers with acrylic (AA), methacrylic (MA), or 2-acrylamido-2-methyl propane sulfonic acids (AMPS) \[[@B28-nanomaterials-09-01693],[@B29-nanomaterials-09-01693],[@B30-nanomaterials-09-01693]\]. In this category of microgels, the low temperature and high pH conditions increased the swelling of particles and formed more stable Mickering emulsions. The shrinkage of NIPAm polymers at low pH and high temperature (above 35 °C) reduced the concentrations of soft gel interfaces due to the movement of microgel deeper into the oil phase and eventually alter the Mickering emulsions stability \[[@B31-nanomaterials-09-01693]\]. The destabilization of Mickering emulsions used the NIPAm microgels were dependent on the worse viscoelasticity and the dense crystalline array of the adsorbed microgel layer \[[@B31-nanomaterials-09-01693]\]. The electrostatic interactions among the charged microgel particles were ignored for the illustration of the stabilization mechanism when using charged NIPAm microgels \[[@B28-nanomaterials-09-01693]\]. The swelling and deformability of the charged NIPAM microgels were responsible for producing stable Mickering emulsion. In the present work, microgels based on poly acrylamides PAAm, PAMPS, and its sodium salt (PAMPS-Na) were prepared to investigate the effect of gel water content, surface charges, and particle sizes on the stability of Mickering emulsions. The polymerization of PAMPS, PAMPS-Na, and PAAm were carried out through the free-radical suspension polymerization. The work aims to illustrate the mechanism of stabilization of Mickering emulsions based on water/cyclohexane and microgels. These stable emulsions were applied for the production of smart crosslinked poly (styrene), PS, microspheres. The factors affecting the stabilization of oil-in water (o/w) Mickering emulsions such as temperature, pH, surface charges, salt content, and microgel concentrations were investigated as another goal of the present work. The size distribution of emulsified oil droplets was visualized by optical microscopy, and the morphology of microgels at the oil--water interface was elucidated using scanning electron microscopy (SEM).

2. Experimental {#sec2-nanomaterials-09-01693}
===============

2.1. Materials {#sec2dot1-nanomaterials-09-01693}
--------------

The monomers, acrylamide (AAm), 2-acrylamido-2-methylpropane sulfonic acid (AMPS), 2-acrylamido-2-methylpropane sulfonic sodium salt (AMPS-Na), styrene, *N*,*N*-methylenebisacrylamide (MBA), divinylbenzene (DVB), and 4-vinylpyridine (4-VP), used in the present work are analytical grade, used without further purification, and purchased from Alfa Aesar (Kandel, Germany). Initiators ammonium persulfate (APS), or azobisisobutyronitrile (AIBN) and tetramethylethylenediamine (TEMED) activator were used for polymerization in aqueous or organic phase, respectively. Cyclohexane, distilled water, sodium chloride, hydrochloric acid, sodium hydroxide, and sorbitane trioleate (Span 85) were purchased from Sigma-Aldrich CO. (Missouri, MO, USA) and used to investigate the Mickering emulsion stability.

2.2. Synthesis Procedures {#sec2dot2-nanomaterials-09-01693}
-------------------------

### 2.2.1. Synthesis of Polyacrylamide Microgels {#sec2dot2dot1-nanomaterials-09-01693}

A solution of AMPS (6 g, 30 mmol) and MBA (0.6 g, 10%) in water with a total weight of 30 mL was stirred and added to a solution of span 85 (4.5 g) and cyclohexane (70 mL). The solution was homogenized at a speed of 9500 rpm for 30 minutes in an ice bath before transfer to flask. The mixture was degassed with nitrogen and the reaction temperature raised to 40 °C. A mixture of APS (124 mg, 0.54 mmol) dissolved in 5 ml H~2~O and 750 µL of TEMED was injected to the reaction mixture to initiate the polymerization. The mixture was kept at 45 °C for 4 h under nitrogen flow. The reaction was stopped by cooling down at room temperature and adding methanol. Then, the microgel was precipitated and washed several times using acetone. The microgel was dried overnight at 45 °C in an oven under vacuum to prepare PAMPS. The AAm and AMPS-Na were used instead AMPS to produce PAAm and PAMPS-Na microgels.

### 2.2.2. Preparation of PS and P4-VP Composites {#sec2dot2dot2-nanomaterials-09-01693}

The modified PAMPS particles (1500 mg·L^−1^) were ultrasonically dispersed into water (7 mL) for 15 min. AIBN (33 mg) was dissolved in styrene (3 mL) and DVB (333 mg) in ice bath to form oil phase. The oil phase was added with the PAMPS dispersion and sonicated with SCIENTZ 450 W digital sonifier for 6 min at 70% amplitude under cooling at 10 °C to form Mickering emulsion. The resulted emulsion was poured into flask, heated, and agitated at 78 °C for 24 h under nitrogen atmosphere. The reaction stopped after adding methanol and the precipitate was filtered, and washed with water and ethanol for three times, respectively. The PS/PAMPS product was dried at 45 °C under vacuum for 12 h.

The same procedure was repeated to prepare P4-VP/PAMPS microgel and the 4-VP replaced styrene monomer to complete the crosslinking polymerization.

2.3. Characterization of Microgels {#sec2dot3-nanomaterials-09-01693}
----------------------------------

The chemical structure of the prepared microgels was estimated using Fourier-transform infrared spectroscopy (Nicolet Magna 750 FTIR spectrometer using KBr, Newport, NJ, USA). The hydrodynamic diameter, size distribution, and zeta potential of the microgels were evaluated at 25 °C using dynamic light scattering instrument (DLS), Malvern Nanosizer ZS90, (Malvern Instrument Ltd, London, UK). The size distribution, type, and shape of the Mickering emulsions were investigated using an Olympus microscope. The morphology and surface morphology of the microgel and lyophilized emulsion droplet coated with Au/Pd was examined using a transmittance electron microscope (TEM JEOL JEM-2100 F at acceleration voltage of 200 kV, JEOL, Tokyo, Japan) and scanning electron microscope (SEM, S4700, Hitachi, Tokyo, Japan) with a 15 kV accelerating voltage. The thermal stability and characteristics were evaluated at heating rate 20 °C min^−1^ under nitrogen atmosphere by thermal gravimetric analysis (TGA; NETZSCH STA 449 C instrument, New Castle, DE, USA) and differential scanning calorimeter (DSC Mettler TA 3000, Schwerzenbach, Switzerland), at heating rate 10 °C min^−1^ under nitrogen atmosphere). Optical microscope (Olympus BX53, Olympus, Tokyo, Japan) was used to evaluate emulsion particle sizes and stability.

2.4. Preparation of Mickering Emulsions Stabilized by Microgels {#sec2dot4-nanomaterials-09-01693}
---------------------------------------------------------------

The cyclohexane/water (50:50; volume fraction of water or cyclohexane 0.5) was prepared by using different concentrations of PAAm, PAMPS, or PAMPS-Na microgels that ranged from 1000 to 3000 mg·L^−1^. For example, PAAm (3000 mg·L^−1^) was sonicated with water (5 mL) SCIENTZ 450 W digital sonifier for 6 min at 70% amplitude. The PAAm, PAMPS, or PAMPS-Na microgel dispersions were aged at 60 °C for 12 h to let microgels fully swell before preparing the Mickering emulsions. The microgel dispersion in water was homogenized with cyclohexane (5 mL) using UltraTurrax® T25 device equipped with a S25N-18G shaft (IKA, Königswinter, Germany) rotating at a speed of 8000 rpm for 3 min. The prepared emulsion was transferred to glass bottles and stored at room temperature. The emulsion stability (%) was evaluated from the variation of the emulsified lengths divided on the total lengths of two phases. The emulsion stability refers to the unchanged properties of emulsion without separation or coalescence over a certain period of time. The effect of the experimental conditions, pH of aqueous solution with constant ionic strength 0.1 mol·L^−1^, and microgel concentrations were varied to investigate their effects on the stability of Mickering emulsions at room temperature. The optimum microgel concentrations and pH of aqueous solution were selected to prepare Mickering emulsions with cyclohexane volume fractions that varied from 0.1 to 0.9.

3. Results and Discussion {#sec3-nanomaterials-09-01693}
=========================

The emulsion polymerization technique is used to prepare crosslinked PAAm, PAMPS, and PAMPS-Na microgels as reported in the experimental section and illustrated in [Scheme 1](#nanomaterials-09-01693-sch001){ref-type="scheme"}. The MBA crosslinker concentrations are selected from our previous works \[[@B32-nanomaterials-09-01693],[@B33-nanomaterials-09-01693],[@B34-nanomaterials-09-01693]\]. The microgel was formed through the crosslinking radical polymerization technique in the presence of MBA, KPS, and TEMED as crosslinker, initiator, and activator, respectively.

3.1. Characterization of PAAm, PAMPS, and PAMPS-Na Microgels {#sec3dot1-nanomaterials-09-01693}
------------------------------------------------------------

The chemical structures of PAAm, PAMPS, and PAMPS-Na are investigated from FTIR spectra represented in [Figure 1](#nanomaterials-09-01693-f001){ref-type="fig"}a--c. The disappearance of vinyl =CH stretching, C=C stretching, and =CH out of plan bending absorption bands at 3100--3000 cm^−1^, 1550 cm^−1^, and 900--1000 cm^−1^, respectively elucidates the crosslinking polymerization of PAAm, PAMPS, and PAMPS-Na. The appearance of new strong band at 3462 cm^−1^, NH stretching, elucidates the incorporation of MBA with PAAm, PAMPS, and PAMPS-Na. The shift of wavenumber values of the strong intense CONH at band 1666 cm^−1^ ([Figure 1](#nanomaterials-09-01693-f001){ref-type="fig"}a), 1697 cm^−1^ for PAMPS and PAMPS-Na observed ([Figure 1](#nanomaterials-09-01693-f001){ref-type="fig"}b,c), or the S=O asymmetric stretching and symmetric S=O stretching at 1400 and 1043 cm^−1^ ([Figure 1](#nanomaterials-09-01693-f001){ref-type="fig"}b,c) compared to their reported values in the literature \[[@B35-nanomaterials-09-01693]\] elucidate the decreasing of PAAm, PAMPS, and PAMPS-Na sizes \[[@B36-nanomaterials-09-01693]\]. These shifts refer to the decrease in the wavelength and penetration depth of the IR light intensity \[[@B37-nanomaterials-09-01693]\].

The thermal stabilities of PAAm, PAMPS and PAMPS-Na were investigated from their TGA thermograms represented in [Figure 2](#nanomaterials-09-01693-f002){ref-type="fig"} a--c. The thermograms indicate that all microgels lost from 2--4 Wt. % from their original weights at 100 °C to confirm the hydrophilicity of microgels to bind with the air moisture or bound water \[[@B38-nanomaterials-09-01693]\]. The PAAm, PAMPS, and PAMPS-Na lost 10 Wt. % from their original weights at 210, 240 and 310 °C, respectively. These data confirm that the PAMPS-Na has the greatest thermal stability due to the absence of sulfonic acid groups that highly degraded at lower temperature. By comparing these values with that reported in the literatures \[[@B38-nanomaterials-09-01693]\], it can be elucidated that the thermal stabilities of the PAAm, PAMPS, and PAMPS-Na microgels are greater than their corresponding hydrogels. The remained residues at 600 °C is for PAMPS-Na, PAMPS and PAAm microgels were 33.3, 17.8 and 20 Wt. %, respectively. Moreover, it was also observed that at temperature range from 250 to 550 °C, the PAMPS-Na, PAAm and PAMPS lost 60, 65 and 70 Wt. % from their original weights, respectively. The prepared microgels show higher thermal stability than their corresponding hydrogels which contradict with the statement of decreasing thermal stability of polymers with decreasing particle sizes \[[@B39-nanomaterials-09-01693]\]. Consequently, the thermal stability of the prepared microgels can be arranged in the order PAMPS-Na \> PAAm \> PAMPS microgels.

The morphologies of the prepared PAAm, PAMPS, PAMPS-Na microgels were investigated from their TEM micrographs represented in [Figure 3](#nanomaterials-09-01693-f003){ref-type="fig"}a--c. All microgels show spherical morphology, which is more uniform in PAMPS-Na microgel ([Figure 3](#nanomaterials-09-01693-f003){ref-type="fig"}c). The uniform spherical morphology of PAMPS-Na can be attributed to the repulsion between negative charges of the ionic sulfonate groups that increases with complete ionization and formation of sodium sulfonate. The non-uniform spherical morphology with the agglomeration is observed for PAAm and PAMPS ([Figure 3](#nanomaterials-09-01693-f003){ref-type="fig"}a,b), which refereed to the interactions between the PAAm and PAMPS with the nonionic surfactants Span 80 and Tween 60 \[[@B38-nanomaterials-09-01693],[@B39-nanomaterials-09-01693],[@B40-nanomaterials-09-01693]\].

The hydrodynamic diameter and polydispersity index (PDI) of the prepared PAAm, PAMPS, and PAMPS-Na in deionized water are represented in [Figure 4](#nanomaterials-09-01693-f004){ref-type="fig"}a--c. The relations of hydrodynamic diameter and surface charges of the prepared PAAm, PAMPS, and PAMPS-Na microgels versus pH of solutions are determined and represented in [Figure 5](#nanomaterials-09-01693-f005){ref-type="fig"}a--c. The formation of agglomerates is observed in PAAm and PAMPS graphs ([Figure 4](#nanomaterials-09-01693-f004){ref-type="fig"}a,b). There is agreement between this observation and the data obtained from the TEM micrographs ([Figure 3](#nanomaterials-09-01693-f003){ref-type="fig"}a--c). The hydrodynamic diameter of the prepared microgels observed by DLS measurement ([Figure 4](#nanomaterials-09-01693-f004){ref-type="fig"}a--c) is greater than that obtained from TEM data ([Figure 3](#nanomaterials-09-01693-f003){ref-type="fig"}a--c). This increase is attributed to swelling of microgel particles in the water more than when dry. The diameter and zeta-potential of PAAm microgels were barely affected by the pH alteration ([Figure 5](#nanomaterials-09-01693-f005){ref-type="fig"}a) due to the lack of charged moieties. The amide moieties hydrolyzed and turned into COO^--^ in the alkaline solutions and this is indicated by hydrodynamic diameter increasing and zeta-potential reducing of PAAm microgels. From pH 9 to pH 13, the diameter of PAAm microgel increased from 233.1 to 488.0 nm and the zeta potential gradually decreased to −25.27 mV ([Figure 5](#nanomaterials-09-01693-f005){ref-type="fig"}a). In contrast, at pH from 1 to 5, both the diameter and zeta-potential of PAAm microgels were barely changed. Therefore, the charge and swelling ratios of the PAAm microgel were able to be tuned by the pH of the surrounding solutions. By comparing the data of PAMPS-Na and PAMPS ([Figure 5](#nanomaterials-09-01693-f005){ref-type="fig"}b,c) it was found that with increasing the pH from 2 to 12, the surface charges on PAMPS increased to be more negative than PAMPS-Na due to the ionization of sulfonic acid groups of PAMPS. Also, increasing the pH reduces the surface charge on PAMPS-Na to be less negative and this can be attributed to the screen effect of NaOH on the surface charges of sodium sulfonate groups associating to charge repulsion of the sulfonate groups \[[@B41-nanomaterials-09-01693]\]. Moreover, it was noticed that the hydrodynamic diameters of PAMPS-Na ([Figure 5](#nanomaterials-09-01693-f005){ref-type="fig"}b) were reduced with the increasing of pH because of the associated short-range repulsion and the large unfavorable electrostatic repulsions at high pH compared to low pH \[[@B41-nanomaterials-09-01693]\]. There is an alternative explanation in that the screened surface charges of the sulfonate groups with NaOH decreases the interactions of sulfonate groups with water and deswells the water from the PAMPS-Na microgels and reduce their hydrodynamic diameters \[[@B41-nanomaterials-09-01693]\]. It was also observed that the hydrodynamic diameters of PAMPS-Na microgels ([Figure 5](#nanomaterials-09-01693-f005){ref-type="fig"}c) are gradually increased due to possessing higher charge density. The electrostatic repulsions introduced by sulfonate among polymer chains enhance the swelling of PAMPS-Na microgels and increases their hydrodynamic diameters. The data represented in [Figure 5](#nanomaterials-09-01693-f005){ref-type="fig"}a--c elucidates that PAMPS ([Figure 5](#nanomaterials-09-01693-f005){ref-type="fig"}b) has higher dispersion than PAAm and PAMPS-Na in its aqueous medium at different pHs because their zeta potential (surface charges) are more negative than 25 mV. The zeta potential value demonstrates the degree of electrostatic repulsion between particles that are adjacent, and similarly charged in a dispersion. The particles with high zeta potential do not agglomerate with each other due to the high electrostatic repulsion, and therefore form a high stable suspension. As the magnitude of zeta potential for colloids increase, the stability of the dispersed particles increases \[[@B41-nanomaterials-09-01693]\].

3.2. Mickering Emulsion Stability {#sec3dot2-nanomaterials-09-01693}
---------------------------------

The emulsion stability of oil-in-water (O/W) cyclohexane/water (50:50 Vol. %) using PAAm, PAMPS, and PAMPS-Na as stabilizers is investigated as represented in the experimental section to select the optimum conditions such as microgel concentrations, pH, temperature, salt content, and emulsion composition. The optimum conditions were determined for the polymerization of styrene or 4-vinylpyridine using the formed Mickering emulsion. The rate at which an emulsion creams, flocculates, or coalesces is used to determine the emulsion stability.

The PAAm, PAMPS, and PAMPS-Na microgel concentrations range from 1000 to 3000 mg·L^−1^. The concentration change had remarkable influence on the Mickering emulsion stability and the emulsion average droplet size. The emulsion stability data of cyclohexane/water with volume fraction (50:50) using different concentrations of PAAm, PAMPS, and PAMPS-Na are evaluated and summarized in [Table 1](#nanomaterials-09-01693-t001){ref-type="table"}. The micrographs of Mickering emulsions and the average diameter results of oil drops are shown in [Figure 6](#nanomaterials-09-01693-f006){ref-type="fig"}a--c. The emulsified oil drops were also investigated using SEM micrographs ([Figure 7](#nanomaterials-09-01693-f007){ref-type="fig"}a--c). It was noticed that the increase of microgel concentrations within a certain range resulted in an increase in the total surface area of microgel adsorbed at the oil-water interfaces, which facilitated the formation of Mickering emulsions with smaller oil drop. The emulsified oil drops were no longer spherical and turned to agglomerate with each other when the microgel concentration was below 1500 mg·L^−1^. No separated oil phase was observed when the PAAm concentration was higher than 1500 mg·L^−1^. The thickness of PAAm surrounded the emulsion droplets increases with increasing the PAAm concentrations. The dispersed PAAm microgels promisingly formed interparticle structures through polymer chain entanglement that resulted in the heterogeneous shape of oil drops ([Figure 7](#nanomaterials-09-01693-f007){ref-type="fig"}a). As expected, the uniform spherical emulsion droplets with the reduced average diameter became constant at PAMPS and PAMPS-Na concentrations reached 1500 mg·L^−1^ ([Figure 6](#nanomaterials-09-01693-f006){ref-type="fig"}b,c). At the high PAMPS and PAMPS-Na concentrations, a large amount of microgels remained in the water phases as well as being adsorbed at the oil--water interfaces. When the PAMPS and PAMPS-Na concentrations were between 1000 and 3000 mg·L^−1^, the microgels adsorbed at the oil--water interfaces formed a shielding layer as well as aggregate, and formed string-like structures to stabilize oil drops. When the microgel concentration was above 1500 mg·L^−1^, the string-like structures of microgels further grew into planar structures that prevented the coalescence of oil drops through steric hindrance. The uniform spherical morphologies of PAMPS-Na microgel (TEM micrograph; [Figure 3](#nanomaterials-09-01693-f003){ref-type="fig"}c) and lower particle sizes ([Figure 4](#nanomaterials-09-01693-f004){ref-type="fig"}c) are responsible for producing more self-assembled PAMPS-Na microgels on the surface of cyclohexane drops at a lower concentration than PAAm or PAMPS. The migration of microgels from their aqueous dispersion and deformation of microgels at the oil-water interface reduced the surface energy of an emulsion system to increase the emulsion stability \[[@B16-nanomaterials-09-01693]\]. The effect of storage times on the stability of the prepared Mickering emulsions using different concentrations of PAAm, PAMPS, and PAMPS-Na ([Table 1](#nanomaterials-09-01693-t001){ref-type="table"}) elucidate that the 3000, 1500, and 1000 mg·L^−1^, respectively, are suitable to obtain stable cyclohexane/water emulsion for 30 days at room temperature. The increase in emulsion stability with increasing concentrations of PAAm and PAMPS can be attributed to the multilayer adsorption of nonionic microgel particles on the emulsion droplet with the formation of networks \[[@B42-nanomaterials-09-01693]\]. It was observed that the stability of Mickering emulsions increases with increasing the coverage and the strength of adsorbed layer of microgel particles at the cyclohexane/water interface ([Figure 6](#nanomaterials-09-01693-f006){ref-type="fig"}a,b). In the case of PAMPS-Na, the lowering of emulsion stability with increasing concentrations can be attributed to the formation of non-uniform emulsion particle sizes and the presence of excess PAMPS-Na in water phase ([Figure 6](#nanomaterials-09-01693-f006){ref-type="fig"}c) \[[@B42-nanomaterials-09-01693]\].

The concentrations that gave the higher emulsion stabilities of cyclohexane/water (50: 50) were chosen for PAAm, PAMPS, and PAMPS-Na as 3000, 1500, and 1000 mg·L^−1^ respectively. The pH effect on the emulsions^,^ stability is evaluated and summarized in [Table 2](#nanomaterials-09-01693-t002){ref-type="table"}. The optical microscope and SEM photos are represented in [Figure 8](#nanomaterials-09-01693-f008){ref-type="fig"} and [Figure 9](#nanomaterials-09-01693-f009){ref-type="fig"}, respectively. It was previously established that \[[@B9-nanomaterials-09-01693],[@B20-nanomaterials-09-01693],[@B23-nanomaterials-09-01693],[@B30-nanomaterials-09-01693],[@B31-nanomaterials-09-01693]\] the Pickering stable emulsion increased with increasing pH due to the swelling increase of microgel particles and the emulsion stability reduced with the pH lowering due to flocculation of the microgel particle. In the present work, the stability data, shown in [Table 2](#nanomaterials-09-01693-t002){ref-type="table"}, elucidate that both PAMPS-Na and PAAm achieved excellent stability with increasing the pH from 4 to 9, while the PAMPS microgel has good emulsion stability at pH 4 and its stability reduced with increasing pHs of aqueous solution. It is expected that the NH~2~ of the PAAm microgel would gradually hydrolyze to carboxylate in the alkaline solution, which introduced charges to the microgels and affect the adsorption behavior at the oil-water interfaces. A pale emulsion phase was observed at pH 9 that was not stable at room temperature for two days after preparation ([Figure 8](#nanomaterials-09-01693-f008){ref-type="fig"}). The PAAm microgels shrunk and degraded in acidic solutions and led to an unstable Mickering emulsion due to the low coverage of microgels at the oil-water interfaces ([Figure 8](#nanomaterials-09-01693-f008){ref-type="fig"}a). However, the degradation of microgels in the acid solution was a slow process, and the volume of emulsion phase and the average oil drop diameter did not show significant changes in seven days ([Table 2](#nanomaterials-09-01693-t002){ref-type="table"}). The architecture of adsorbed microgel layers was controlled by the pH of the Mickering emulsions. As shown in the SEM pictures, the PAAm and PAMPS-Na microgel shrunk and aggregate with each other under acid conditions (at pH 4) ([Figure 9](#nanomaterials-09-01693-f009){ref-type="fig"}a,c) due to deionization of sulfonate and protonation of amide groups of PAMPS-Na and PAAm. The formation of network or clusters at pH 9 for PAMPS-Na displayed higher elasticity to increase the stability of Mickering emulsion \[[@B27-nanomaterials-09-01693]\]. The bowl-shaped coverage of deformed microgels at the oil/water interface was observed at pH from 7 to 9. The PAMPS show that dense packing of microgel particles at pH 9 ([Figure 9](#nanomaterials-09-01693-f009){ref-type="fig"}b) would lead to brittle interfaces that destabilize the emulsion \[[@B9-nanomaterials-09-01693],[@B20-nanomaterials-09-01693],[@B23-nanomaterials-09-01693],[@B30-nanomaterials-09-01693],[@B31-nanomaterials-09-01693]\]. Finally, it can be concluded that, the Mickering emulsions can be easily destabilized on demand by altering the pH.

The as-prepared Mickering emulsions were incubated at temperatures ranging from 30 to 60 °C for 30 min and were then left to stand at room temperature after which the stability data and the mean diameter of droplets were measured at day 7. The emulsion stability data are recorded and summarized in [Table 3](#nanomaterials-09-01693-t003){ref-type="table"}. The optical microscope photos of PAAm (3000 mg·L^−1^), PAMPS (1500 mg·L^−1^), and PAMPS-Na (1000 mg·L^−1^) at a temperature range of 35 to 55 °C are represented in [Figure 10](#nanomaterials-09-01693-f010){ref-type="fig"}a--c. The data, listed in [Table 3](#nanomaterials-09-01693-t003){ref-type="table"} and [Figure 10](#nanomaterials-09-01693-f010){ref-type="fig"}a--c, elucidate that the Mickering emulsions based on PAMPS-Na are more stable up to a temperature of 55 °C than PAMPS, which are more stabilized than PAAm. [Figure 10](#nanomaterials-09-01693-f010){ref-type="fig"}a confirms that the sizes of emulsion droplets increase by increasing the temperature and small emulsion droplets loss the surrounded PAAm layer. These observations can be attributed to the increase in Brownian motion of PAAm due to weak hydrogen bond between amide groups of PAAm and water with increase in temperature and so their kinetic energy is increased i.e., by \~1.2 times from 20 to 90 °C. Brownian motion results in the redistribution of particles onto the interface \[[@B43-nanomaterials-09-01693]\] and may also promote desorption of the PAAm particles. This may lead to exposure of the droplets surfaces and thus increase the tendency to coalesce. Furthermore, the increase in temperature could lead to an in increase in the kinetic energy of the droplets, thus promoting collisions and coalescence events. The PAMPS and PAMPS-Na ([Figure 10](#nanomaterials-09-01693-f010){ref-type="fig"}b,c) microgels show great stability without changes in the particles sizes with increasing the temperature. Accordingly, the electrostatic interactions become pronounced when the gel particles have high water content and small sizes, as observed for PAMPS-Na \[[@B44-nanomaterials-09-01693]\].

3.3. Preparation of PS Microsphere Using PAMPS Microgel {#sec3dot3-nanomaterials-09-01693}
-------------------------------------------------------

Styrene and 4-vinyl pyridine are two water insoluble monomers. The water/PS or water/P4VP systems used in the presence of PAMPS to form a stable emulsion utilized for emulsion polymerization of the system and to prepare polystyrene PS and P4-VP nanospheres. PAMPS concentration (1500 mg·L^−1^) microgel was selected based on Mickering stability data to polymerize PS and P4-VP microgels as represented in the experimental section. The chemical structure of PS/PAMPS and P4-VP/PAMPS nanospheres is confirmed by FTIR spectra summarized in [Figure 11](#nanomaterials-09-01693-f011){ref-type="fig"}a,b. The appearance of bands at 3462, 1644--1697, 1400, and 1043 cm^−1^, which referred to NH stretching, CONH, S=O asymmetric stretching, and symmetric S=O stretching, elucidates the contribution of PAMPS in the chemical structure of PS/PAMPS and P4-VP/PAMPS microgels ([Figure 12](#nanomaterials-09-01693-f012){ref-type="fig"}a,b). The new bands at 3026, 1596, 755, and 696 cm^−1^ are characteristics of =CH, C=C stretching, and C=C out-of-plane bending, respectively ([Figure 11](#nanomaterials-09-01693-f011){ref-type="fig"}a and [Figure 12](#nanomaterials-09-01693-f012){ref-type="fig"}b) and elucidate the presence of polystyrene and polyvinyl pyridine, verifying the as-synthesized composites are made up of PAMPS with PS/PAMPS and P4-VP/PAMPS.

The thermal characteristics of PS/PAMPS and P4-VP/PAMPS microgels were evaluated using DSC thermograms as represented in [Figure 12](#nanomaterials-09-01693-f012){ref-type="fig"}a,b. The first run of PS/PAMPS microgel ([Figure 13](#nanomaterials-09-01693-f013){ref-type="fig"}a) gave endothermal peak, which disappeared after quenching in runs 2 and 3. That is attributed to macromolecular packing of PS chains \[[@B45-nanomaterials-09-01693],[@B46-nanomaterials-09-01693]\]. It is noticed that only one glass transition value, Tg, of PS appeared at 85.35 °C ([Figure 13](#nanomaterials-09-01693-f013){ref-type="fig"}a) and elucidated the compatibility of PS with PAMPS or the formation of microgel composite. The Tg value reduced than reported for crosslinked PS \[[@B46-nanomaterials-09-01693]\] and more than Tg of PAMPS \[[@B47-nanomaterials-09-01693]\] to confirm the elasticity of the prepared PS microgel prepared by using PAMPS using Mickering emulsion technique. By comparing the Tg value of the crosslinked P4-VP \[[@B48-nanomaterials-09-01693]\] with that prepared in this study, it was found that the P4-VP/PAMPS microgel has Tg at 142.23 °C ([Figure 12](#nanomaterials-09-01693-f012){ref-type="fig"}b), which is the same as reported for Tg of P4-VP. This means that the PAMPS produces more crosslinked and rigid P4-VP chains.

The TEM images of PS/PAMPS and P4-VP/PAMPS, shown in [Figure 13](#nanomaterials-09-01693-f013){ref-type="fig"}a,b, are used to investigate the morphology of the produced microgels. It is clearly visible that the PAMPS particles are located at the surface of the PS microgel with spherical morphology ([Figure 13](#nanomaterials-09-01693-f013){ref-type="fig"}a). The rugged surface morphology in [Figure 13](#nanomaterials-09-01693-f013){ref-type="fig"}a clearly indicates that the PS microgel is covered by layer has different sizes of PAMPS. The TEM image of P4-VP ([Figure 14](#nanomaterials-09-01693-f014){ref-type="fig"}b) shows non-uniform rough spherical particles without coating with PAMPS to elucidate the DSC data ([Figure 12](#nanomaterials-09-01693-f012){ref-type="fig"}a,b).

The pH sensitivity of the prepared PS/PAMPS and P4-VP/PAMPS can be evaluated from the variation of their zeta potential (surface charges) and particle sizes at different pHs using DLS data represented in [Figure 14](#nanomaterials-09-01693-f014){ref-type="fig"} and [Figure 15](#nanomaterials-09-01693-f015){ref-type="fig"}a--c.

By comparing the DLS data of PAMPS ([Figure 4](#nanomaterials-09-01693-f004){ref-type="fig"}b and [Figure 5](#nanomaterials-09-01693-f005){ref-type="fig"}b) with the data represented for PS/PAMPS ([Figure 14](#nanomaterials-09-01693-f014){ref-type="fig"}a--c), it is observed that the surface charges and hydrodynamic diameters of PS/PAMPS microgel composite slightly increased compared to the PAMPS microgel at different pH. Moreover, the PDI values of PS/PAMPS microgel are reduced compared to that for PAMPS microgel to indicate the formation of uniform stabilized PS core and PAMPS shell as microgel composites. The DLS data of P4-VP/PAMPS ([Figure 15](#nanomaterials-09-01693-f015){ref-type="fig"}a--c) elucidate its pH sensitivity as confirmed by the positive and negative surface charges in acidic and basic solutions, respectively. The higher PDI values of P4-VP/PAMPS ([Figure 15](#nanomaterials-09-01693-f015){ref-type="fig"}a,b) more than PAMPS ([Figure 4](#nanomaterials-09-01693-f004){ref-type="fig"}b) confirms the polydispersity, which agree with its TEM micrograph ([Figure 13](#nanomaterials-09-01693-f013){ref-type="fig"}b). Based on these results, it can be proposed the mechanisms for the formation of PS/PAMPS and P4-VP/PAMPS core/shell and bare spheres, respectively, as represented in [Scheme 2](#nanomaterials-09-01693-sch002){ref-type="scheme"}.

The PAMPS aggregates are broken down to nano-sizes under sonication to redisperse and self-assemble on the surface of styrene or 4-vinylpyridine monomers at the monomer-water interface. The PAMPS acts as stabilizer to form Mickering monomers/water emulsions. The protonation of 4-vinylpyridine monomers with the sulfonic group of PAMPS monomer partitioned the 4-vinylpyridine monomer droplets in emulsion or the aqueous phase. The lower solubility of styrene monomer in water facilitates the formation of micro-sized styrene droplets without formation of nano-sized secondary nuclei \[[@B48-nanomaterials-09-01693]\]. The presence of AIBN as hydrophobic initiator proposed two polymerization mechanisms ([Scheme 2](#nanomaterials-09-01693-sch002){ref-type="scheme"}). It is expected that the AIBN is completely decomposed inside styrene droplet to initiate the crosslinking polymerization of styrene with DVB to produce PS/PAMPS microgels. The AIBN initiator diffuses into the aqueous phase in case of 4-vinylpyridine to crosslink 4-VP dissolved in aqueous phase with DVB. This type of particle is called secondary nuclei with small sizes because it is formed with the critical chain lengths due to lower solubility in aqueous phase. Accordingly, the DVB and the AIBN distribute either with secondary nuclei, water phase, or monomer droplets. This distribution is responsible for the polydispersity of P4-VP/PAMPS microgel because there is competitive polymerization either inside the secondary nuclei or emulsified droplets. The crosslinking polymerization of 4-VP inside the emulsion droplet increased until the total surface area of the secondary nuclei is much larger than that of droplet, and the crosslinking polymerization in aqueous phase of the secondary nuclei will prevail.

4. Conclusions {#sec4-nanomaterials-09-01693}
==============

Stimuli-responsive PAAm, PAMPS, and PAMPS-Na microgels with excellent dispersion in aqueous phase, good thermal stability, spherical morphologies, and uniform particle sizes were prepared. PAAm, PAMPS, and PAMPS-Na microgels produced stable cyclohexane/water (o/w) Mickering emulsions at concentrations of 3000, 1500, and 100 mg·L^−1^. In acidic solutions, the emulsified oil drops covered by the PAAm microgel layer agglomerated and ripened due to the degradation of microgels, while PAMPS-Na had better stability. PAAm achieved excellent stability with increasing the pH from 4 to 9 while the PAMPS-Na microgel had lower emulsion stability. The PAMPS showed the best emulsion stability in acidic, neutral, and alkaline aqueous solutions. The stimuli-responsive properties of PAMPS microgel stabilized Mickering emulsions were used to prepare PS/PAMPS and P4-VP/PAMPS nanospheres with core-shell structure and bare microspheres.
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![Crosslinking polymerization of PAAm, PAMPS, and PAMPS-Na microgels.](nanomaterials-09-01693-sch001){#nanomaterials-09-01693-sch001}

![FTIR spectra of (**a**) PAAm, (**b**) PAMPS, and (**c**) PAMPS-Na.](nanomaterials-09-01693-g001){#nanomaterials-09-01693-f001}

![TGA thermograms of (**a**) PAAm, (**b**) PAMPS, and (**c**) PAMPS-Na microgels.](nanomaterials-09-01693-g002){#nanomaterials-09-01693-f002}

![TEM micrographs of (**a**) PAAm, (**b**) PAMPS, and (**c**) PAMPS-Na microgels.](nanomaterials-09-01693-g003){#nanomaterials-09-01693-f003}

![The average hydrodynamic diameter of the prepared (**a**) PAAm, (**b**) PAMPS-Na, and (**c**) PAMPS microgels in deionized water.](nanomaterials-09-01693-g004){#nanomaterials-09-01693-f004}

![The average hydrodynamic diameter and zeta-potential of the microgels (**a**) PAAm, (**b**) PAMPS-Na, and (**c**) PAMPS with different pH.](nanomaterials-09-01693-g005){#nanomaterials-09-01693-f005}

![Micrographs of the cyclohexane/water o/w Mickering emulsions (50:50) stabilized by using 1000, 1500, and 3000 mg·L^−1^ of the (**a**) PAAm, (**b**) PAMPS, and (**c**) PAMPS-Na at 25 °C.](nanomaterials-09-01693-g006){#nanomaterials-09-01693-f006}

![SEM micrographs of cyclohexane/water (50:50) Mickering emulsions using different concentrations 1000, 1500, and 3000 (mg·L^−1^) from left to right of (**a**) PAAm, (**b**) PAMPS, and (**c**) PAMPS-Na microgels.](nanomaterials-09-01693-g007){#nanomaterials-09-01693-f007}

![Optical microscope micrographs of cyclohexane/water (50:50) Mickering emulsions using pHs 4, 7, and 9 from left to right of (**a**) PAAm (3000 mg·L^−1^), (**b**) PAMPS (1500 mg·L^−1^), and (**c**) PAMPS-Na (1000 mg·L^−1^) microgels.](nanomaterials-09-01693-g008){#nanomaterials-09-01693-f008}

![SEM micrographs of cyclohexane/water (50:50) Mickering emulsions using pHs 4, 7, and 9 from left to right of (**a**) PAAm (3000 mg·L^−1^), (**b**) PAMPS (1500 mg·L^−1^), and (**c**) PAMPS-Na (1000 mg·L^−1^) microgels.](nanomaterials-09-01693-g009){#nanomaterials-09-01693-f009}

![Optical microscope micrographs of cyclohexane/water (50:50) Mickering emulsions using different temperatures 35, 45, and 55 °C from left to right of (**a**) PAAm (3000 mg·L^−1^), (**b**) PAMPS (1500 mg·L^−1^), and (**c**) PAMPS-Na (1000 mg·L^−1^) microgels.](nanomaterials-09-01693-g010){#nanomaterials-09-01693-f010}

![FTIR spectra of (**a**) PS/PAMPS and (**b**) P4-VP/PAMPS microgels.](nanomaterials-09-01693-g011){#nanomaterials-09-01693-f011}

![DSC thermograms of (**a**) PS/PAMPS and (**b**) P4-VP/PAMPS microgels.](nanomaterials-09-01693-g012){#nanomaterials-09-01693-f012}

![TEM micrographs of (**a**) PS/PAMPS and (**b**) P4-VP/PAMPS microgels.](nanomaterials-09-01693-g013){#nanomaterials-09-01693-f013}

![Dynamic light scattering (DLS) data of PS/PAMPS microgel at pH (**a**) 4, (**b**) 7, and (**c**) 10 in aqueous solution at room temperature.](nanomaterials-09-01693-g014){#nanomaterials-09-01693-f014}

![DLS data of P4-VP/PAMPS microgel at pH (**a**) 4, (**b**) 7, and (**c**) 10 in aqueous solution at room temperature.](nanomaterials-09-01693-g015){#nanomaterials-09-01693-f015}

![Formation mechanism for polymerization of PS/PAMP core/shell and PS/PAMPS-Na composites.](nanomaterials-09-01693-sch002){#nanomaterials-09-01693-sch002}

nanomaterials-09-01693-t001_Table 1

###### 

Stability data of the Mickering emulsions of cyclohexane/water (50:50) stabilized with different concentration of the prepared microgels at 25 °C and neutral pH.

  -------------------------------------------------------------------
  Time\   PAMPS-Na   PAMPS   PAAm                                
  (day)                                                          
  ------- ---------- ------- ------ ----- ----- ----- ----- ---- ----
  1       90         100     100    100   100   100   100   90   86

  3       77         90      100    100   100   95    100   88   85

  7       70         87      100    100   100   89    100   83   81

  15      62         75      100    95    99    75    99    73   71

  21      62         73      97     93    98    72    95    73   64

  30      52         70      96     92    95    67    92    68   58
  -------------------------------------------------------------------

nanomaterials-09-01693-t002_Table 2

###### 

Emulsion stability data of cyclohexane/water (50:50) in the presence of 1000, 1500, and 3000 mg·L^−1^ of PAMPS-Na, PAMPS, and PAAm microgels.

  Time (day)   Emulsion Stability Data at Different pH                                             
  ------------ ----------------------------------------- ------ ----- ------ ----- ---- ----- ---- ----
  1            100                                       100    100   80     100   81   100   50   73
  3            100                                       72.5   100   72     100   72   99    50   66
  7            100                                       72     100   68     98    68   82    0    65
  15           99                                        72     98    63.5   98    62   77    0    65
  21           98                                        72     95    57     97    54   72    0    63
  30           96                                        64     90    46     93    48   64    0    62

nanomaterials-09-01693-t003_Table 3

###### 

Emulsion stability data of cyclohexane/water (50:50) in the presence of 1000, 1500, and 3000 mg·L^−1^ of PAMPS-Na, PAMPS, and PAAm microgels at different temperatures.

  Temperature (°C)   Stability (%)         
  ------------------ --------------- ----- -----
  20                 100             100   100
  35                 100             100   100
  45                 90              98    99
  55                 68              95    99
  65                 62.5            80    90
